Protein arginine methylation regulates diverse functions of eukaryotic cells, including gene expression, the DNA damage response, and circadian rhythms. We showed that arginine residues within the third intracellular loop of the human D2 dopamine receptor, which are conserved in the DOP-3 receptor in the nematode Caenorhabditis elegans, were methylated by protein arginine methyltransferase 5 (PRMT5). By mutating these arginine residues, we further showed that their methylation enhanced the D2 receptor-mediated inhibition of cyclic adenosine monophosphate (cAMP) signaling in cultured human embryonic kidney (HEK) 293T cells. Analysis of prmt-5-deficient worms indicated that methylation promoted the dopamine-mediated modulation of chemosensory and locomotory behaviors in C. elegans through the DOP-3 receptor. In addition to delineating a previously uncharacterized means of regulating GPCR (heterotrimeric guanine nucleotide-binding protein-coupled receptor) signaling, these findings may lead to the development of a new class of pharmacological therapies that modulate GPCR signaling by changing the methylation status of these key proteins.
INTRODUCTION
Dopamine plays an important role in neuronal and behavioral plasticity in diverse species (1) (2) (3) (4) (5) (6) (7) . Signaling by this neuromodulator contributes to cognition, learning, motivation, reward, and motor control (8) . Moreover, defects in dopamine signaling are linked to Parkinson's disease, schizophrenia, and drug addiction (9) (10) (11) . Understanding the mechanisms by which aberrant signaling contributes to the pathology of these diseases remains the focus of intense research, as does the search for approaches to modulate dopaminergic signaling to treat patients with these devastating conditions.
Mammalian dopamine receptors are GPCRs [heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptors], which are divided into two classes: the D1-like receptors (including D1 and D5) and the D2-like receptors (including D2, D3, and D4). The D1-like receptors generally signal through the G proteins Ga s or Ga olf to activate adenylyl cyclase and increase the intracellular abundance of the second messenger cyclic adenosine monophosphate (cAMP), whereas their D2-like counterparts signal through Ga i and Ga o to inhibit adenylyl cyclase and decrease cAMP production (12) . However, it is now appreciated that dopamine receptors also function in networks to control the activity of pathways not involving adenylyl cyclase (8, 12) .
In the nematode Caenorhabditis elegans, as in vertebrates, dopamine activates GPCR signaling pathways (1, 2) . C. elegans have one D1-like receptor (DOP-1), two D2-like receptors (DOP-2 and DOP-3), and one invertebrate-specific D1-like receptor (DOP-4) (1, 2). Dopamine also modulates a wide range of C. elegans behaviors. For example, animals lacking the D2-like receptor DOP-3 fail to reduce their rate of locomotion when they encounter a bacterial food source (13, 14) ; this "basal slowing" response is dependent upon endogenous dopamine signaling (15) . In addition, dopamine modulates context-dependent behavioral responses of C. elegans to environmental stimuli (16) (17) (18) (19) (20) .
One critical means of regulating signal transduction, including that by GPCRs, is through the posttranslational modification of proteins. Although phosphorylation remains the best-studied modification, arginine methylation is increasingly recognized as an important regulator of protein function. Protein arginine methylation is catalyzed by a family of enzymes termed protein arginine methyltransferases (PRMTs) (21) . The human genome encodes nine such proteins (PRMT1 to PRMT9), as well as potentially two others (PRMT10 and PRMT11) (21) . Type I PRMTs transfer either one or two methyl groups from S-adenosyl-L-methionine (SAM) to form monomethyl arginine (MMA) or asymmetric dimethylarginine (ADMA), respectively. Type II PRMTs form MMA and symmetric dimethylarginine (SDMA). Type III PRMTs form only MMA. Each of the methylarginine modifications (MMA, ADMA, and SDMA) has distinct biological effects, and their dysregulation correlates with the etiology of chronic lung and kidney diseases, contributes to the toxicity of specific mutations that are linked to amyotrophic lateral sclerosis, and causes hypertension (22, 23) . Among the type II PRMTs in eukaryotes, PRMT5 is the most conserved, and it methylates arginines in glycine-and arginine-rich motifs, in proline-, glycine-, and methionine-rich motifs, and in the absence of any recognizable motif (24, 25) . PRMT5 influences gene expression, the DNA damage response, circadian rhythms, and germ cell development and pluripotency (23, 26) .
Although a number of PRMT5 substrates have been identified (27) (28) (29) , to our knowledge, this enzyme has never been found in association with a GPCR. However, in 2003, a large-scale proteomics analysis showed that a specific anti-SDMA antibody reacted with a number of GPCRs, suggesting a potential role for a type II PRMT in regulating this receptor class (30) . Yet, direct evidence has remained elusive, and the functional importance of methylation in the regulation of GPCR signaling has not been demonstrated. Through a bioinformatics analysis, we identified 300 human GPCRs with a total of 583 predicted methylation motifs (RGG or RXR) within their intracellular domains. Almost 70% of these sites are conserved in the corresponding receptor sequences from other mammalian species, and seven of these sites (including that of the D2 receptor) are conserved from humans to C. elegans. Given the direct clinical relevance of dopamine and the broad evolutionary conservation of the predicted methylation motif in D2-like receptors, we focused on the role of arginine methylation in regulating signaling by these receptors. We showed that human PRMT5 methylated the third intracellular loop of the human D2 receptor in vitro and that mutating the conserved arginines within this region attenuated the D2-mediated inhibition of cAMP signaling in cultured human cells. Using C. elegans behavior as a readout for nervous system function, we found that PRMT-5 promoted dopaminergic signaling through the C. elegans D2-like receptor DOP-3 in vivo and that changing the predicted arginine methylation target sites in DOP-3 reduced its ability to regulate C. elegans behavior. Together, our data identify a previously uncharacterized mechanism by which PRMTs regulate signal transduction, and they reveal GPCRs that are functionally regulated by an arginine-methylating enzyme.
RESULTS

Bioinformatics analysis identifies predicted GPCR methylation motifs
To identify the cohort of GPCRs that contain putative arginine methylation motifs, we analyzed the sequences of the intracellular domains of 737 annotated human GPCRs in the National Center for Biotechnology Information (NCBI) HomoloGene database. Because GPCRs are seven-pass transmembrane proteins, we reasoned that functional arginine methylation motifs could reside within any of the three intracellular loops or the Cterminal tail of the receptors. In total, we found 583 intracellular RGG or RXR motifs, and these were located in 300 of the human receptors within this data set ( Fig. 1A and tables S1 and S2). Almost 70% of these motifs were conserved in the sequences of the homologous rat and mouse receptors (400 and 397 receptors, respectively), and~1% (7) were conserved in the nematode C. elegans (Fig. 1, A and B, and tables S1 and S2). With regard to the localization of the predicted methylation motifs within the GPCRs, about 34% of those in the human GPCRs are within the third intracellular loop (Fig. 1A and tables S1 and S3).
Given that invertebrate sequences may not be comprehensively annotated for homology to the human sequences and could therefore be missed in this analysis, we also generated a human-C. elegans homology data set by assembling the annotated human homologs of every C. elegans GPCR identified by Gene Ontology (GO). In analyzing these 565 human and 179 C. elegans GPCRs, we identified an additional 57 C. elegans receptors that contain conserved putative arginine methylation motifs (tables S1 and S4). Analysis of the more inclusive human-C. elegans homology data set indicated that 42% of the conserved sites within the C. elegans receptors are found within the third intracellular loop (Fig. 1A and tables S1 and S5).
PRMT5 methylates the human D2 receptor
Given that the third intracellular loop of the D2 receptor contains a predicted PRMT5 methylation motif, which is conserved across diverse species (Fig.  1C) , we tested the potential of human PRMT5 to methylate the human D2 receptor using an in vitro methylation assay. A recombinant fragment of the third intracellular loop of D2 [corresponding to amino acid residues 211 to 241 fused to glutathione S-transferase (GST)] was methylated in a PRMT5-dependent manner (Fig. 2, top) . D2 receptor methylation was markedly decreased when all of the arginine residues within this region were replaced with alanines (R217-220A, R222A) and when only the two arginine residues (Arg 217 and Arg
219
) that are conserved from human D2 to C. elegans DOP-3 were replaced with alanines (R217A/R219A) (Fig. 2, top) . Quantification of residues of the human D2 receptor and their counterparts in other species lie within a highly conserved RXR motif, in which X can be any amino acid residue. These arginines are conserved from the C. elegans D2-like dopamine receptor DOP-3 to the human D2 receptor. The gray shading indicates the end of transmembrane domain five (TM V).
the bands from three independent experiments revealed that less than 25% of the wild-type D2 211-241 signal was present when either mutant was used as a substrate (Fig. 2, bottom) . These data indicate that the third intracellular loop of the D2 receptor acts as a substrate for PRMT5 in vitro and suggest that Arg 217 and Arg 219 are key methylation sites within this region.
Conserved arginines promote D2 receptor function in human cells
The extent to which Arg 217 and Arg 219 contribute to human D2 receptor function was tested by comparing signaling by the hemagglutinin (HA)-tagged wild-type D2 receptor (long isoform D2 L ) and the D2(R217A/R219A) mutant receptor stably expressed in human embryonic kidney (HEK) 293T cells (Fig. 3 ). Both flow cytometric and immunofluorescence microscopic analyses with an anti-HA antibody confirmed that mutating Arg 217 and Arg 219 did not alter the cell surface abundance of the receptor (Fig.  3A) .
The ability of the D2 receptor agonist quinpirole to dampen forskolinstimulated cAMP generation in HEK 293T cells (31, 32) expressing either the HA-tagged human wild-type D2 receptor or D2(R217A/R219A) mutant receptor was assessed with the HitHunter cAMP competitive immunoassay (DiscoveRx). Whereas treatment of cells expressing the wild-type D2 receptor with quinpirole effectively blocked the forskolin-stimulated accumulation of cAMP (log IC 50 = −9.11 ± 0.15), this ability was diminished in the D2(R217A/R219A)-expressing cells (log IC 50 = −8.27 ± 0.10) (Fig.  3B ). These data suggest that Arg 217 and Arg 219 promote efficient D2 receptor-mediated inhibition of cAMP production.
To further support a role for arginine methylation in the facilitation of D2 receptor-mediated signaling, we overexpressed PRMT5 in the HEK 293T cells expressing the HA-tagged wild-type human D2 receptor and again assessed the ability of quinpirole to dampen forskolin-stimulated cAMP accumulation. Cells overexpressing PRMT5 more effectively blocked cAMP accumulation in response to quinpirole (log IC 50 = −9.53 ± 0.07) than did cells containing only endogenous PRMT5 (log IC 50 = −9.20 ± 0.04) ( fig.  S1 ). This facilitation of D2 receptor-mediated signaling occurred despite a small, but statistically significant, decrease in the cell surface abundance of the D2 receptor in cells overexpressing PRMT5 ( fig. S1 ).
PRMT5 methylates C. elegans DOP-3
Before proceeding with animal studies, we confirmed that the C. elegans DOP-3 receptor was also methylated by PRMT5, similar to human D2. A recombinant fragment of the third intracellular loop of DOP-3 (amino acid residues 202 to 232 fused to GST) was methylated in a PRMT5-dependent manner (Fig. 4, top) . The extent of methylation of the DOP-3 receptor was markedly decreased when the two conserved arginine residues were replaced with alanines (R208A/R210A) (Fig. 4, top) . Quantification of the bands from three independent experiments revealed that 26% of that of wild-type DOP-3 202-232 signal was present when this mutant was used as substrate (Fig. 4, bottom) . These data establish the third intracellular loop of the DOP-3 receptor as a substrate for PRMT5 in vitro and suggest that Arg 208 and Arg 210 are key sites of methylation within this region.
C. elegans lacking PRMT-5 are hypersensitive to dilute octanol
Mice lacking PRMT5 exhibit embryonic lethality, which has precluded whole-animal analysis of the physiological roles of this methyltransferase (33) . In contrast, C. elegans prmt-5 mutants are viable (34), which enables in vivo studies that are not possible in mammals.
The sensitivity of C. elegans to environmental stimuli is dynamically regulated by their nutritional status, which influences signaling levels of biogenic amines, including dopamine (2, 35) . The response of C. elegans to the aversive odorant octanol is scored as the amount of time it takes an animal to initiate backward locomotion when presented with a hair dipped in octanol (36, 37) . When animals are assayed in the absence of food (a bacterial lawn), 100% octanol is detected by three pairs of sensory neurons in the head: the ASH, AWB, and ADL neurons (18, 37, 38) . Among these, only the ASH neurons detect dilute (30%) octanol and, notably, they do so irrespective of the feeding status of the animal (18, 37, 38) . Previous studies showed that animals lacking the tyrosine hydroxylase CAT-2, which is required for dopamine biosynthesis, are hypersensitive to dilute octanol; cat-2 mutant animals respond more quickly to the dilute stimulus than do wild-type animals (17, 20) . In addition, animals specifically lacking The indicated GST-tagged wild-type (WT) and mutant recombinant fragments of the third intracellular loop (amino acid residues 211 to 241) of the human D2 receptor were used in an in vitro methylation assay with active recombinant human PRMT5 as described in Materials and Methods. The PRMT5 substrate GSTSmB′ was used as a positive control, whereas GST alone served as a negative control. Top: Fluorograph shows that the WT GST-D2 211-241 fragment was methylated in a PRMT5-dependent manner. The degrees of methylation of GST-D2 211-241 (R217-220A, R222A) and GST-D2 211-241 (R217A/R219A) were 10 and 24%, respectively, of that of the WT fragment. Ponceau S staining of the polyvinylidene difluoride (PVDF) membrane was performed to demonstrate equivalent loading of receptor fragments. Molecular mass markers (kD) are indicated on the left. Bottom: Quantification of the degree of methylation of the receptor fragments based on densitometric analysis of fluorographs. Data are means ± SEM of three independent experiments. *P = 0.000001.
dopamine signaling through the D2-like dopamine receptor DOP-3 are hypersensitive in their response to both 100% and dilute octanol (16) . To determine whether protein arginine methylation contributed to the transduction or regulation of dopamine-modulated sensory signaling in vivo, we assessed the behavioral response of C. elegans lacking PRMT-5 function to the aversive odorant 1-octanol. These animals phenocopied the dop-3 mutant animals by responding more quickly than wild-type animals to all of the concentrations of octanol tested (Fig. 5A) . Similar to the DOP-3 rescue experiments (16), restoring PRMT-5 in the ASH neurons [with the ASH cell-selective osm-10 promoter (36)] was sufficient to dampen the hypersensitivity to octanol. Although the osm-10 promoter also drives expression in the PHA and PHB tail neurons and weak expression in the ASI head neurons, these neurons are not involved in the detection of octanol (36) . Indeed, prmt-5 mutant animals expressing the osm-10p::prmt-5 transgene responded similarly to wild-type animals when exposed to dilute (30%) octanol (Fig. 5B) . These data suggest that PRMT-5 plays a role in promoting dopamine signaling in the ASH sensory neurons.
C. elegans PRMT-5 contributes to the regulation of locomotion by both exogenous and endogenous dopamine Dopamine modulates locomotor behavior in C. elegans by activating DOP-1 and DOP-3 (D1-and D2-like receptors, respectively) in the cholinergic motor neurons. Although the exposure of wild-type animals to exogenous dopamine causes paralysis, dop-3 mutant animals are resistant to this effect (13, 14) . In addition, dop-3 mutant animals fail to reduce their rate of locomotion when they encounter a bacterial food source (13, 14) ; this basal slowing response is dependent upon signaling by endogenous dopamine (15) . In both dopamine-induced paralysis and basal slowing, the function of DOP-3 is antagonized by DOP-1 (13, 14) .
To establish whether loss of PRMT-5 function in C. elegans also phenocopied the loss of DOP-3 in locomotion, as it did for the aversive response to octanol, we first investigated whether prmt-5 mutant animals were resistant to dopamine-induced paralysis. Indeed, the locomotor behavior of prmt-5 and dop-3 mutant animals was indistinguishable across a broad range of dopamine concentrations (10 to 30 mM); both mutants exhibited resistance to paralysis induced by exogenously applied dopamine (Fig. 6A) . Similarly, prmt-5 mutant animals displayed a diminished basal slowing response, which is mediated by endogenous dopamine (Fig. 6B) . Whereas wild-type animals slowed their rate of locomotion by 39% on average when they encountered food, prmt-5 mutant animals slowed by only 12% (Fig. 6B) . To determine whether, similar to DOP-3 (13, 14), PRMT-5 regulated dopaminemodulated locomotor behavior by acting in the cholinergic motor neurons, we used the acr-2 promoter (39) to restore PRMT-5 function in the prmt-5 mutant animals. Whereas prmt-5 mutant animals had a defect in basal slowing, prmt-5 animals expressing acr-2p::prmt-5 displayed a basal slowing response that was similar to that of wild-type animals (Fig. 6B) . Together, these results suggest that, similar to the DOP-3 receptor, C. elegans PRMT-5 affects dopamine signaling in both chemosensation and locomotion.
Conserved arginines promote DOP-3 function in C. elegans
The residues Arg 208 and Arg 210 of the DOP-3 receptor in C. elegans correspond to the residues Arg 217 and Arg 219 of the human D2 receptor, respectively, in the putative RXR methylation motif within the third intracellular loop of the receptor (Fig. 1) . To determine whether these conserved residues contributed to DOP-3 function in vivo, we generated the DOP-3(R208A/ R210A) mutant receptor by site-directed mutagenesis. The expression of acr-2p::dop-3(R208A/R210A) failed to restore the basal slowing response of dop-3 mutant animals when a bacterial food source was encountered (Fig. 7) . Similarly, when both arginines were mutated to lysines to preserve the positive charges at these positions, and when acr-2p::dop-3(R208K/ R210K) was expressed in dop-3 mutant animals, these animals were likewise defective in their basal slowing response (Fig. 7) . In both cases, the percentages by which the animals slowed (10 and 17%, respectively) were similar to that of animals lacking PRMT-5 (14%). Only one other arginine in the DOP-3 receptor is a predicted target for methylation (Arg 136 ), and it lies within the second intracellular loop. However, this residue is not conserved in the human D2 receptor, and when the DOP-3(R136A) mutant receptor was expressed in dop-3 mutant animals, it rescued the basal slowing response similarly to the expression of wild-type DOP-3 in dop-3 mutants (Fig. 7) . Together, these results suggest that evolutionarily conserved arginine residues within the predicted methylation motif of the third intracellular loop of D2-like dopamine receptors contribute to their signaling potential in vivo.
DISCUSSION
Understanding the mechanisms that regulate GPCR activity is crucial to manipulating their signaling for therapeutic benefit. One regulatory mechanism that is key to the functional diversity of many signaling proteins is posttranslational modification, such as arginine methylation by PRMTs. However, a major challenge in studying the physiological roles of PRMTs in vivo is that knockout mice have been generated for only seven PRMT family members, and in the case of three of these (including PRMT5), knockout results in embryonic lethality (21) . Here, we took advantage of the fact that C. elegans prmt-5 loss-of-function mutants are viable (34) , and used this system to identify adult animal phenotypes resulting from the loss of this PRMT. Here, we provided evidence that arginine methylation of GPCRs contributes to their function. Our bioinformatics analysis identified putative arginine methylation motifs within the intracellular domains of human GPCRs and revealed that many of these are conserved across species ( Fig. 1 and tables S1 to S5 ). Among the most conserved sites is a predicted RXR methylation motif in D2-like dopamine receptors. This motif is conserved from the C. elegans DOP-3 receptor to the human D2 receptor (Fig.  1C) , a human D2 receptor fragment containing this motif was methylated by human PRMT5 in vitro (Fig. 2) , and the conserved arginine residues within this motif (Arg 217 and Arg
219
) enhanced D2 receptor function in cultured human cells (Fig. 3B) .
We further showed a role for C. elegans PRMT-5 in D2-like (DOP-3) receptor-modulated behaviors in vivo. Similar to dop-3 mutant animals (13, 14, 16) , animals lacking PRMT-5 displayed hypersensitivity to octanol (Fig. 5) , an impaired basal slowing response (Fig. 6B) , and resistance to paralysis by exogenously applied dopamine (Fig. 6A) . Notably, conserved n ≥ 9 animals, 5 consecutive intervals each, for a total of ≥45 separate measurements. For the rescue experiment, the combined data of three independent transgenic lines are shown. n = 12 transgenic animals, 5 consecutive intervals each, for a total of 60 separate measurements under each condition. Alleles used: dop-3(vs106) and prmt-5(gk357). WT: the N2 WT strain. . WT: the N2 WT strain. n ≥ 6 animals, 5 consecutive intervals each, for a total of ≥30 separate measurements. For the rescue experiments, the combined data for three or more independent transgenic lines are shown. n ≥ 12 transgenic animals, 5 consecutive intervals each, for a total of ≥60 separate measurements for each condition.
arginine residues that constitute the predicted methylation motif within the third intracellular loop of DOP-3 (Arg  208 and Arg   210 ) were required for its efficient methylation in vitro (Fig. 4) and also contributed to DOP-3 function in live animals (Fig. 7) .
Together, these results led us to propose that arginine methylation promotes D2-like dopamine receptor signaling and that this mechanism of receptor regulation is conserved between nematodes and humans. Moreover, our finding that several hundred mammalian GPCRs contain predicted methylation sites within their cytoplasmic domains (Fig. 1A and tables S1 and S2) suggests that methylation may broadly regulate GPCR signaling in a previously unappreciated manner.
Our results also have implications for a possible mechanism by which arginine methylation could influence receptor signaling. The third intracellular loop of the D2 receptor is important for receptor function because it interacts with several signaling and regulatory proteins (40) . For example, this region is the primary site of interaction with Ga proteins. In particular, the N-terminal section of the third intracellular loop of the human D2 receptor is sufficient to interact in a complex with Ga i1 and couples to Ga i/o proteins to inhibit adenylyl cyclase activity in cell membrane preparations (41) (42) (43) ; Arg 217 and Arg 219 are located within the Ga interaction domain. The addition of a methyl group to an arginine residue can remove a hydrogen bond donor and decrease the electrostatic surface potential at the residue, resulting in a change in size and hydrophobicity that can affect its interaction with binding partners (21) . Therefore, methylation of the D2 receptor has the potential to regulate the interaction between the receptor and the Ga protein directly or the activation of the G protein by the receptor. Alternatively, it is possible that arginine methylation modulates interactions between the D2 receptor and accessory regulatory proteins that also bind to this region (40) or modulates agonist binding.
Targeting enzymes that catalyze the posttranslational modification of proteins has proven to be a useful therapeutic strategy in treating diseases, as exemplified by the many pharmacological agents that inhibit the activity of histone deacetylases. Similarly, GPCRs are the targets of almost 40% of all marketed pharmaceuticals (44) . However, even with the large number of D2 receptor antagonists used to treat schizophrenia, they are not optimally effective in treating all of the symptoms associated with the disorder, and their application is often limited because of side effects (45) . In addition, although dopamine receptor agonists are used in the treatment of Parkinson's disease, treatment with L-DOPA remains the most effective course of action. However, its effectiveness diminishes over time, and its use in treatment is associated with the onset of severe motor complications (46) . Thus, new approaches to treat diseases associated with dopaminergic dysfunction are critically needed. The findings described herein have the potential to facilitate the development of a new generation of treatments based on manipulating GPCR methylation status not only for D2 receptorlinked neuropsychiatric disorders but also for the treatment of diseases ranging from cancer to chronic heart failure that are also associated with aberrant GPCR signaling.
MATERIALS AND METHODS
Bioinformatics analysis
The amino acid sequences of 1655 human GPCRs were obtained from the GPCR database (www.gpcr.org/7tm/). This starting set of GPCRs was filtered to remove duplicates and was then used to query the NCBI RefSeq protein database, which resulted in a list of 963 nonredundant human GPCR accession numbers. These accession numbers were then used to locate NCBI HomoloGene database records, and GPCRs conserved in Mus musculus, Rattus norvegicus, Danio rerio, Drosophila melanogaster, and C. elegans were identified. TMHMM (transmembrane hidden Markov model) v2.0c (47) was used (with the default model parameters) to predict the locations of the transmembrane domains. All putative GPCRs that were not predicted to contain seven transmembrane domains were removed from the data set, resulting in a total of 737 human GPCRs in the final data set that was used for alignment and motif searching. For each GPCR, the human protein sequence was aligned to a homologous sequence with MUSCLE v3.8.31 (48) , and within each alignment, the intracellular loops of each GPCR were searched for the putative methylation motifs RGG and RXR. The entire analysis workflow was automated with Perl (script available upon request). A more inclusive human-C. elegans homology data set was obtained with GPCR sequences from WormBase (www.wormbase.org). C. elegans GPCRs were identified with GO records, and the WormBase-annotated human homologs for each C. elegans GPCR were used to query the NCBI RefSeq database. This resulted in the identification of 565 nonredundant human GPCRs that were potential homologs of 179 C. elegans GPCRs. This data set was analyzed with TMHMM (47) to predict transmembrane domains, the sequences were aligned with MUSCLE (48) , and the alignments were searched for RGG and RXR motifs as described earlier.
In vitro methylation assay
The GST fusion proteins used as substrates for methylation were expressed in the E. coli strain Rosetta DE3 (Novagen) and were purified with glutathione Sepharose beads (GE Healthcare) according to the manufacturer's protocol. In vitro methylation assays were performed in a total volume of 20 ml with 5 mg of substrate, 210 ng of recombinant human PRMT5 complex (Active Motif), and 5.5 mCi of S-[methyl- HANCE (PerkinElmer) three times at 10-min intervals before being exposed to Kodak BioMax MS film with a BioMax TranScreen LE Intensifying Screen at −80°C for 2 weeks and subsequently were developed. Band intensities were quantified with ImageJ software (49) and were normalized according to gel loading.
Cell culture and viral transduction
HEK 293T cells (American Type Culture Collection) were cultured in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% fetal bovine serum (Life Technologies), 1 mM glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml) in a humidified incubator with 5% atmospheric CO 2 . Vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped lentiviruses were produced in HEK 293T cells by the traditional calcium phosphate precipitation method using 6 mg of pMD2.G, 25 mg of psPAX2, and 30 mg of the appropriate lentiviral construct: pCS-MCS, pCS-MCS-HA-DRD2, or pCS-MCS-HA-DRD2(R217A/R219A). The viruses were then used to transduce HEK 293T cells, and stable cell lines were selected with puromycin (1 mg/ml; Sigma). All experiments were performed in cultured cells that were between passages 3 and 5 after retrieval from frozen stocks.
Flow cytometric analysis
HEK 293T cells stably expressing HA-tagged wild-type D2 receptor or the D2(R217A/R219A) mutant receptor were washed with ice-cold phosphatebuffered saline (PBS), harvested by trituration, and fixed with 1% paraformaldehyde (PFA; USB, Affymetrix) for 20 min at room temperature. The cells were then washed three times with PBS, 0.1% bovine serum albumin (BSA) and incubated with an anti-HA antibody (6E2, Cell Signaling) diluted 1:250 in PBS, 0.1% BSA for 30 min at room temperature.
Samples were washed three times with PBS, 0.1% BSA, before incubation with Alexa Fluor 488-conjugated goat anti-mouse antibody (0.5 mg/ml; Life Technologies) for 60 min at room temperature. The cells were then washed three times with PBS, 0.1% BSA and passed through a nylon sieve. Surface labeling was measured with a FACSCalibur flow cytometer. Data analysis was performed with Cyflogic software (CyFlo Ltd.). The Student's two-tailed t test was used for statistical analysis.
Immunofluorescence microscopy HEK 293T cells stably expressing HA-tagged wild-type D2 or the D2(R217A/R219A) mutant receptor were plated at 50% confluency onto coverslips coated with poly-L-lysine in a six-well plate. Twenty-four hours later, the cells were washed with PBS and fixed with 4% PFA at room temperature for 15 min. Coverslips were then washed three times with PBS for 2 min each and incubated in blocking solution (goat serum diluted 1:125 in PBS) for 30 min without rocking. The blocking solution was then replaced with anti-HA antibody (6E2, Cell Signaling) diluted 1:125 in blocking solution. Coverslips were incubated at room temperature for 60 min followed by three washes with PBS and incubation with Alexa Fluor 488-conjugated goat anti-mouse antibody (Life Technologies) for 30 min. The coverslips were mounted onto slides with Vectashield mounting medium containing 4′,6-diamidino-2-phenylindole (Vector Laboratories). Slides were dried overnight in the dark at 4°C. Imaging was performed with a Zeiss LSM 710 confocal microscope.
Whole-cell cAMP assay HEK 293T cells stably expressing HA-tagged D2 or D2(R217A/R219A) were plated at a density of 10,000 cells per well onto a clear-bottomed, poly-L-lysine-coated 96-well plate (Corning). Forty-eight hours later, the cells were incubated with 20 mM forskolin (Sigma) together with increasing concentrations of quinpirole (Sigma) in serum-free medium for 30 min at 37°C. The abundance of cAMP in each sample was measured with the HitHunter competitive immunoassay (DiscoveRx) in accordance with the manufacturer's protocol. Luminescence was measured with a FlexStation 3 Reader (Molecular Devices). The data were analyzed in R software (3.1.1) with the drc package (2.3-96). Dose-response curves were fitted to each individual biological replicate sample using a four-parameter logistic nonlinear regression model. The empty vector control curve was fitted with a linear regression model. The log 10 of the IC 50 values from each biological replicate were then compared by the Student's two-tailed t test (n = 4 biological replicates).
C. elegans strains
C. elegans strains were maintained under standard conditions on NGM (nematode growth medium) agar plates seeded with OP50 E. coli bacteria. The strains used in this study include N2 Bristol wild-type, FG129 prmt-5(gk357), and LX703 dop-3(vs106).
C. elegans transgenic strains
For prmt-5 and dop-3 rescue experiments, pJM67 elt-2::gfp plasmid (50 ng/ml) (50) was used as the co-injection marker together with either the prmt-5 or dop-3 rescuing plasmids (50 ng/ml).
C. elegans behavioral assays
Well-fed young adult animals were used for analysis, and all behavioral assays were performed on at least two separate days, in parallel with controls. Behavioral assays were performed as previously described (13, 20, 36, 37) . Dopamine (hydrochloride complex) was purchased from Sigma. All data are presented as means ± SEM. The Student's two-tailed t test was used for statistical analysis.
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